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Golgi Recruitment of GRIP Domain Proteins
by Arf-like GTPase 1 Is Regulated
by Arf-like GTPase 3
cells coexpressing Sec7p-GFP, a pan Golgi marker pro-
tein [5], and Chs3p-GFP, which is localized predomi-
nantly to the late Golgi/post-Golgi endosome [6]. Nearly
perfect colocalization was observed with Chs3p-GFP,
and substantial colocalization was observed with
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2 Department of Pathology and Laboratory Medicine Sec7p-GFP (Figure 1). Identical results were obtained
with full-length Imh1p, and deletion of the GRIP domain421 Curie Boulevard
BRB 2/3, Room 1010 from Imh1p resulted in cytosolic localization (data not
shown), indicating that its GRIP domain mediates local-Philadelphia, Pennsylvania 19104-6058
ization of the full-length protein, as is the case for human
p230/tGolgin-1 [7]. In control experiments, no colocali-
zation was observed in yeast expressing a GFP-FYVESummary
domain protein (derived from human EEA1) that labels
prevacuolar endosomes (data not shown) [8]. These re-Golgins are Golgi-localized proteins present in all mo-
sults definitively demonstrate that the Imh1p GRIP do-lecularly characterized eukaryotes that function in
main localizes to the yeast Golgi and preferentially toGolgi transport and maintenance of Golgi structure.
late Golgi compartments.Some peripheral membrane Golgins, including the
To determine if the yeast Golgi contains a receptoryeast Imh1 protein, contain the recently described
that can be recognized by mammalian GRIP domains,GRIP domain that can independently mediate Golgi
we expressed GFP fusions to the mouse tGolgin-1 [9]localization by an unknown mechanism [1–3]. To iden-
and human Golgin-97 [10] GRIP domains in wild-typetify candidate Golgi receptors for GRIP domain pro-
yeast cells. Both GRIP domains localized to punctateteins, a collection of Saccharomyces cerevisiae dele-
organelles (Figure 2), indicating that whatever elementtion mutants was visually screened by using yeast,
of the Golgi serves to recruit GRIP domain proteins ismouse, and human GFP-GRIP domain fusion proteins
conserved between yeast and mammals. We hypothe-for defects in Golgi localization. GFP-GRIP reporters
sized that since IMH1 is not an essential gene, the Golgiwere localized to the cytosol in cells lacking either of
receptor that recruits Imh1p might also be encoded bytwo ARF-like (ARL) GTPases, Arl1p and Arl3p. In vitro
a nonessential gene(s) or activity. Thus, to identify abinding experiments demonstrated that activated
candidate Golgi-localized receptor for GRIP domainArl1p-GTP binds specifically and directly to the Imh1p
proteins, we expressed the GFP-GRIP domain of yeastGRIP domain. Arl1p colocalized with Imh1p-GRIP at
Imh1p in approximately 250 yeast strains with deletionsthe Golgi, and Golgi localization of Arl1p was regulated
of genes encoding nonessential, known, or predictedby the GTPase cycle of Arl3p. These results suggest
Golgi-localized proteins or proteins known to regulatea cascade in which the GTPase cycle of Arl3p regulates
traffic to, through, or out of the Golgi, and we screenedGolgi localization of Arl1p, which in turn binds to the
these strains by fluorescence microscopy for loss ofGRIP domain of Imh1p and recruits it to the Golgi. The
Golgi localization. In two strains, arl1 and arl3, thesimilar requirements for localization of GRIP domains
GFP reporter was no longer localized to the Golgi andfrom yeast, mouse, and human when expressed in
appeared cytosolic (Figure 2). Localization of mouseyeast, and the presence of Arl1p and Arl3p homologs
tGolgin-1 and human Golgin-97 GFP-GRIP domains inin these species, suggest that this is an evolutionarily
these mutant strains was similarly affected (Figure 2).conserved mechanism.
Arl1p and Arl3p are divergent members of the ARF family
of GTPases, referred to as ARF-like or ARL GTPases,
Results and Discussion and they are highly conserved with the human ARL1 and
ARF-related protein (ARP) GTPases, respectively [11].
When expressed in mammalian tissue culture cells, iso- Yeast arl1, arl3, and imh1 mutants have minor
lated GRIP domains from yeast and mammalian proteins defects in sorting proteins to the lysosome-like vacuole;
localize to the Golgi, and high-level expression of iso- these defects suggest a role for these proteins in biosyn-
lated GRIP domains displaces endogenous GRIP do- thetic protein sorting in the late Golgi or in endosomes
main-containing proteins from the Golgi [1, 3]. These [12–16]. Moreover, human ARL1 has been localized to
data suggest that a limiting, evolutionarily conserved the Golgi of transfected cells and has been implicated
receptor at the Golgi is responsible for recruitment of in regulating Golgi structure and Golgi protein sorting
GRIP domain proteins. The yeast genome encodes a [17, 18]. These findings, and the general observation
single protein, Imh1p, with a GRIP domain, and a GFP- that localization of many peripheral membrane proteins
Imh1p GRIP domain fusion protein localizes to punctate is often regulated by a Ras-related GTPase [19], led us
organelles that likely correspond to the Golgi [1]. We to explore the possibility that Arl1p or Arl3p might serve
expressed the Imh1p GRIP domain as a fusion to a as a receptor for GRIP domains on the Golgi. To test this,
variant red fluorescent protein (RFP), DsRedT.4 [4], in we purified recombinant Arl1p and Arl3p and assayed for
binding to a GST fusion protein containing the yeast
Imh1p GRIP domain. As shown in Figure 3, the constitu-*Correspondence: cburd@mail.med.upenn.edu
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Figure 1. Imh1p GRIP Domain Localizes to
Golgi Compartments
A red fluorescent protein (RFP)-Imh1p-GRIP
fusion (encoding amino acids 735–912) was
expressed in wild-type strains (BY4741 or
BY4742) expressing Sec7-GFP or Chs3p-
GFP, which both localize to Golgi compart-
ments. Colocalization can be observed as
yellow in the panels on the right.
tively active (GTPase-deficient, Q72L) form, but not the If Arl1p is a Golgi receptor for GRIP domain proteins,
then the Imh1p GRIP domain and Arl1p should colocal-GTP binding-defective (GDP-locked, T32N) form, of
Arl1p bound to GST-GRIP. The binding was specific, as ize at the Golgi. To test this, we tagged the chromosomal
ARL1 locus with GFP so that it served as the only sourceno binding to Arl3p, either in the GTP- or GDP-locked
forms (Q78L, T31N), or by recombinant yeast Arf3/Arl2p of Arl1p and transformed this strain with the RFP-Imh1p-
GRIP plasmid. Arl1p-GFP localized to punctate organ-or the Rab GTPases, Ypt31p, Ypt7p, or Vps21p, was
observed (data not shown). Furthermore, coincubation elles and colocalized perfectly with RFP-Imh1p-GRIP,
indicating that Arl1p is indeed localized to the Golgiof Arl3p had no effect on Arl1p binding. These results
indicate that the Imh1p GRIP domain binds directly and (Figure 4). In contrast to the results with Arl1p, in cells
expressing Arl3p-GFP, very few cells exhibited a punc-specifically to Arl1p-GTP. Because only a small propor-
tion of Arl1p (approximately 5% of input) bound to the tate signal and very weak cytoplasmic fluorescence was
observed (see Figure S1 in the Supplementary MaterialImh1p GST-GRIP domain fusion protein, it is possible
that myristoylation of Arl1p influences this interaction, available with this article online). Because membrane
targeting of most characterized ARF GTPases is regu-or that within the cell, additional factors, such as other
Golgi-localized proteins and/or lipids, contribute to lated by their GTPase cycle, we examined localization
of GFP-tagged, constitutively active Arl3p(Q78L) andImh1p Golgi localization.
Figure 2. Golgi Localization of Yeast Imh1p,
Mouse tGolgin-1, and Human Golgin-97 GRIP
Domains Is Disrupted in arl1 and arl3 Mu-
tants
GFP fusions to the Imh1p GRIP domain, the
mouse tGolgin-1 GRIP domain (amino acids
2053–2238), or the human Golgin-97 GRIP
domain (amino acids 588–767) were ex-
pressed in wild-type, arl1, and arl3 strains
and were photographed.
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Arl1p in arl3mutant cells and found that it was localized
to the cytosol in arl3 cells, indicating that Arl3p func-
tions to promote stable association of Arl1p with the
Golgi (Figure 4). To determine if the nucleotide cycle
of Arl3p regulates Arl1p-dependent Golgi localiza-
tion of GRIP domains, we next examined localization of
GFP-Imh1p-GRIP and Arl1p-GFP in arl3 mutant cells
transformed with single copy plasmids expressing
Arl3p(T31N) or Arl3p(Q78L) as the sole sources of Arl3p.
As can be seen in Figure 4 and in Figure S1, both GFP-
Imh1p-GRIP and Arl1-GFP were localized to the GolgiFigure 3. Activated Arl1p Binds the GST-Imh1p GRIP Domain
when activated Arl3p(Q78L) was present, but not whenA fusion protein consisting of GST coupled to the Imh1p GRIP do-
Arl3p(T31N) was present. Thus, Arl3p indirectly affectsmain, or GST as a control, was captured on GSH Sepharose and
mixed with purified, recombinant wild-type (“WT”), GTPase-defi- Arl1p-dependent localization of GFP-GRIPs because,
cient (“GTP”), or GTP binding-defective (“GDP”) Arl1p or Arl3p. After in arl3 cells, Golgi localization of the GRIP domain
incubation, the beads were washed twice, and bound material was receptor, Arl1p-GTP, is abrogated.
visualized by immunoblotting with antibodies to epitope-tagged Arl
These results lead us to propose a model in whichGTPases. Approximately 10% of the added input of each Arl GTPase
the nucleotide cycle of Arl3p regulates Golgi localizationis shown in the “I” lane (only the activated [“GTP”] Arl input lanes
of Arl1p, which, when activated by nucleotide exchange,are shown).
recruits Imh1p to the Golgi via its GRIP domain. Or-
thologs of yeast Arl3p, Arl1p, and Imh1p are present in
other eukaryotes, and because localization of mamma-inactive Arl3p(T31N) mutants expressed in arl3 cells
lian GRIP domains in yeast requires the same proteinsfrom a single copy vector. A faint punctate signal was
as yeast Imh1p, the ARL3/ARL1/IMH1 pathway appearsobserved for constitutively active Arl3p(Q78L)-GFP (Fig-
to be conserved throughout eukaryotic evolution. Otherure 4), but Arl3p(T31N)-GFP was apparently localized to
components of this pathway are likely to include guaninethe cytosol (Figure S1). These observations suggest that
nucleotide exchange factors (GEFs) and GTPase acti-Arl3p is localized to the Golgi in a nucleotide-dependent
vating factors (GAPs) that regulate the nucleotide cyclesmanner, although the low Arl3p-GFP signal precluded
of Arl3p and Arl1p. Mon2p (also called Ysl2p) was re-definitive colocalization with Golgi markers. Interest-
ported to be related to Sec7 family ARF GEFs, and high-ingly, Arl3p and its human ortholog ARP lack the consen-
level expression of ARL1, but not ARL3, was found tosus Glycine that is myristoylated in all characterized
suppress the growth defect of a mon2 deletion mutantARF GTPases, and this may explain in part why Arl3p
[20], raising the possibility that Mon2p may be a GEFis poorly localized to the Golgi at steady state.
for Arl1p. However, localization of Arl1p-GFP and GFP-The observations that GRIP domains are mislocalized
Imh1p-GRIP is not substantially affected in a mon2in the arl3 strain, but that Arl3p does not appear to
mutant (data not shown), although genetic evidencebind the Imh1p GRIP domain, led us to hypothesize that
does implicate Mon2p as a component of the ARL3/Arl3p might regulate localization of Arl1p. To test this
hypothesis, we examined localization of GFP-tagged ARL1/IMH1 pathway. Analysis of Golgi protein sorting
Figure 4. The GTPase Cycle of Arl3p Regu-
lates Golgi Localization of Arl1p and GFP-
Imh1p-GRIP
(A–C) RFP-Imh1p-GRIP and Arl1p-GFP were
visualized by fluorescence microscopy indi-
vidually (A and B), and then the two micro-
graphs were overlayed (C).
(D) To visualize Arl3p within the cell, the GFP-
tagged wild-type, inactive Arl3p(T31N) or
constitutively active Arl3p(Q78L) were ex-
pressed from single copy vectors in the arl3
strain and were photographed (see Figure S1).
(E) Localization of Arl1p in arl3 mutant cells
was determined by expressing GFP-tagged
wild-type Arl1p from a single copy vector that
had been transformed into the arl3 strain.
To determine if the GTPase cycle of Arl3p
regulates Arl1p-dependent Golgi localization
of the Imh1p GRIP domain, the arl3 strain
was cotransformed with single copy vectors
expressing wild-type or mutant arl3 genes
and the GFP-Imh1p-GRIP plasmid.
(F) Golgi localization of GFP-Imh1p-GRIP was
observed in wild-type and Arl3p(Q78L) cells,
but not in Arl3p(T31N) cells (Figure S1).
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